Abstract: We investigated the effects of temperature and CO 2 variation on the growth and 8 elemental composition of cultures of the diatom Pseudo-nitzschia subcurvata and the 9 prymnesiophyte Phaeocystis antarctica, two ecologically dominant phytoplankton species 10 isolated from the Ross Sea, Antarctica. To obtain thermal functional response curves, cultures 11
prymnesiophyte Phaeocystis antarctica, two ecologically dominant phytoplankton species 10 isolated from the Ross Sea, Antarctica. To obtain thermal functional response curves, cultures 11
were grown across a range of temperatures from 0 o C to 14 o C. In addition, a co-culturing 12 experiment examined the relative abundance of both species at 0 o C and 6 o C. CO 2 functional 13 response curves were conducted from 100 to 1730 ppm at 2 o C and 8 o C to test for interactive 14 effects between the two variables. The growth of both phytoplankton was significantly affected 15 by temperature increase, but with different trends. Growth rates of P. subcurvata increased with 16 temperature from 0°C to maximum levels at 8°C, while the growth rates of P. antarctica only 17 increased from 0°C to 2°C. The maximum thermal limits of P. subcurvata and P. antarctica 18 where growth stopped completely were 14°C and 10°C, respectively. Although P. subcurvata 19
Introduction 29
Global temperature is predicted to increase 2.6°C to 4.8°C by 2100 with increasing 30 anthropogenic CO 2 emissions (IPCC, 2014) . The temperature of the Southern Ocean has 31 increased even faster than global average temperature (Meredith and King, 2005) , and predicted 32 future climate warming may profoundly change the ocean carbon cycle in this region (Sarmiento 33 et al., 1998) . The Ross Sea, Antarctica, is one of the most productive area in the ocean, and 34 features annual austral spring and summer algal blooms dominated by Phaeocystis and diatoms 35 that contribute as much as 30% of total primary production in the Southern Ocean (Arrigo et gain an understanding of how global warming together with ocean acidification may shift the 85 phytoplankton community in the Ross Sea (Arrigo et al., 1999; DiTullio et al., 2000) . This study 86 aimed to explore the effects of increases in temperature and CO 2 availability, both individually 87 and in combination, on P. antarctica and P. subcurvata isolated from the Ross Sea, Antarctica. 88
These results may shed light on the potential effects of global change on the marine ecosystem 89 and the cycles of carbon and nutrients in the highly productive coastal polynyas of Antarctica. For thermal functional response curves, experimental cultures of both phytoplankton 111 were grown in triplicate 500 ml acid washed polycarbonate bottles and gradually acclimated by a 112 series of step-wise transfers to a range of temperatures, including 0°C, 2°C, 4°C, 6°C, 8°C, and 113 10°C (P. antarctica died at 10°C) under the same light cycle as stock cultures. Cultures were 114 diluted semi-continuously following Zhu et al. (2016) . All of the cultures were acclimated to 115 their respective temperatures for 8 weeks before the commencement of the experiment. At this 116 point, after the growth rates were verified to be stable for at least three to five consecutive 117 transfers, the cultures were sampled 48 h after dilution (Zhu et al., 2016) . 118
For CO 2 functional response curves, P. antarctica and P. subcurvata were also grown in 119 triplicate in a series of six CO 2 concentrations from ~100 ppm to ~1730 ppm in triplicate 500 ml 120 acid washed polycarbonate bottles at both 2°C and 8°C using same dilution technique as above. 121
The CO 2 concentration was achieved by gently bubbling with 0.2 µm filtered air/CO 2 mixture 122 (Gilmore, CA) and carbonate system equilibration was ensured by pH and dissolved inorganic 123 carbon (DIC) measurements (King et al., 2015, see below) . 124
An additional experiment tested whether temperature-related trends in growth rates 125 observed in monocultures were maintained when both species were grown together in a simple 126 model community. For this examination of thermal effects on the growth of P. antarctica and P. 127 subcurvata in co-culture (pre-acclimated to respective temperatures), the isolates were mixed at 128
where N 0 and N 1 are the cell density at the beginning and end of a dilution period, respectively, 139 and t is the duration of the dilution period (Zhu et al. 2016 
142 where µ 1 and µ 2 are the specific growth rates of the phytoplankton at temperatures T 1 and T 2 , 143
respectively. The growth rates were fitted to Eq. (3) to estimate the thermal reaction norms of 144 each species: 145 to estimate maximum growth rates (µ max ) and half saturation constants (K m ) for CO 2 153 concentration (S). In the CO 2 curve experiments growth rates for both these autotrophic species 154 were assumed to be zero at 0 ppm CO 2 , and in the thermal curve experiments growth rates were 155 assumed to be zero at -2 o C, approximately the freezing point of seawater. 156
Elemental and Chl a analysis 157
Culture samples for particulate organic carbon/nitrogen (POC/PON) and particulate 158 organic phosphorus (POP) analyses were filtered onto pre-combusted (500°C for 2 h) GF/F 159 filters and dried at 60°C overnight. A 30 ml aliquot of P. subcurvata culture for each treatment 160 were filtered onto 2 µm polycarbonate filters (GE Healthcare, CA) and dried in a 60°C oven 
pH and dissolved inorganic carbon (DIC) measurements 167
pH was measured using a pH meter (Thermo Scientific, MA), calibrated with pH 7 and 168 10 buffer solutions. For DIC analyses, an aliquot of 25 mL was preserved with 200 µL 5% HgCl 2 169 and stored in the dark at 4 o C until analysis. Total DIC was measured using a CM140 Total 170
Inorganic Carbon Analyzer (UIC Inc., IL). An aliquot of 5 mL sample was injected into the 171 sparging column of Acidification Unit CM5230 (UIC Inc., IL) followed by 2 ml 10% phosphoric 172 acid. By using flow rates controlled pure nitrogen as carrier gas, and the CO 2 released from the 173 DIC pool in the sample was quantified with a CM5015 CO 2 Coulometer (UIC Inc., IL) using 174 absolute coulometric titration. The carbonate buffer system was sampled for each of the triplicate 175 bottles in each treatment at the beginning and end of the experiments; reported values are final 176 ones. The pCO 2 in growth media was calculated using CO2SYS (Pierrot et al., 2006) . These 177 carbonate system measurements are shown in Table 1 , along with the corresponding calculated 178 pCO 2 values calculated. Kinetic parameters were calculated using the individual calculated pCO 2 179 values for each replicate (see above), but for convenience, the CO 2 treatments are referred to in 180 the text using the mean value of all experimental bottles, rounded to the nearest 5 ppm: these 181 values are 100 ppm, 205 ppm, 260 ppm, 425 ppm, 755 ppm, and 1730 ppm. 182
Statistical analysis 183
All statistical analyses and model fitting, including student t-tests, ANOVA, Tukey's 184 HSD test, two-way ANOVA, and thermal reaction norms estimation were conducted using the 185 open source statistical software R version 3.1.2 (R Foundation). 186
Results 187

Temperature effects on growth rates 188
Temperature increase significantly affected the growth rates of both P. antarctica and P. 189 subcurvata, but with different trends (p < 0.05) (Fig. 1) . The specific growth rates of P.0.05) (Fig. 1) . The growth rates of P. antarctica significantly increased from 0°C to 2°C, and 192 plateaued at 4°C and 6°C, and then significantly decreased from 6°C to 8°C (p < 0.05) (Fig. 1) . 193 P. antarctica and P. subcurvata stopped growing at 10°C and 14°C, respectively (Fig. 1A) . The 194 specific growth rates of P. subcurvata were not significantly different from those of P. antarctica 195 at 0°C, 2°C and 4°C, but became significantly higher than P. antarctica at 6°C, and remained 196 significantly higher than P. antarctica through 8°C and 10°C (p < 0.05) (Fig. 1A) . The optimum 197 temperatures for growth of P. antarctica and P. subcurvata were 4.85°C and 7.36°C, 198 respectively, both well above the current temperature in the Ross Sea, Antarctica (Table 2) . In 199 addition, the estimated temperature niche width of P. subcurvata (-2°C -12.19°C) is wider than 200 that of P. antarctica (-2.0°C to 9.52°C) ( Table 2) ; calculated minimum temperatures estimated 201 from the thermal niche width equation were less than -2.0°, the freezing point of seawater, and so 202 growth is assumed to terminate at -2.0°. The Q10 value of the growth rate of P. antarctica from 203 0°C to 4°C is 2.11, which is lower than the Q10 values 3.17 for P. subcurvata over the same 204 temperature interval (p < 0.05) ( Table 2) . 205
Temperature effects on elemental composition 206
The C: N and N: P ratios of P. subcurvata were unaffected by changing temperature (Fig.  207 2A, B), but the C: P, C: Si, and C: Chl a ratios of this species were significantly affected (p < 208 0.05) (Fig. 2C, D, Fig. 3 ). The C: P ratios of P. subcurvata were slightly but significantly lower 209
in the middle of the tested temperature range. They were higher at 8°C and 10°C than at 2°C, 210 4°C, and 6°C (p < 0.05) (Fig. 2C) , and also significantly higher at 10°C than at 0°C (Fig. 2C) . 211
The C: Si ratios of P. subcurvata showed a similar pattern of slightly lower values at mid-range 212 temperatures; at 0°C and 2°C they were significantly higher than at 6°C and 8°C (p < 0.05) (Fig.  213 2D), and significantly higher at 2°C and 10°C than at 4°C and 8°C, respectively (Fig. 2D) . The 214
The C: N, N: P, C: P, and C: Chl a ratios of P. antarctica were not significantly different 218 across the temperature range ( Fig. 2A , B, C, Fig. 3 ). The N: P ratios of P. antarctica were 219 significantly higher than those of P. subcurvata at 2°C, 6°C, and 8°C (p < 0.05) (Fig. 2B) . 220
Additionally, the C: P ratios of P. antarctica were significantly higher than those of P. 221 subcurvata at 6°C and 8°C (p < 0.05) (Fig. 2C) , and the C: Chl a ratios of P. antarctica were 222 significantly higher than values of P. subcurvata at all the temperatures tested (p < 0.05) (Fig. 3) . 223
Temperature change significantly affected the cellular carbon (C) quotas, cellular 224 nitrogen (N) quotas, cellular phosphorus (P) quotas, cellular silica (Si) quotas, and cellular Chl a 225 quotas of P. subcurvata (p < 0.05) ( Table 3 ). The cellular C and N quotas of P. subcurvata were 226 significantly higher at 8°C than at 0°C (p < 0.05) (Table 3) , the cellular P quotas of P. 227 subcurvata were significantly higher at 4°C than at 0°C, 2°C, and 10°C (p < 0.05) (Table 3) , and 228 the cellular Si quotas of P. subcurvata were significantly higher at 8°C than at 0°C and 2°C. Si 229 quotas were also significantly higher at 4°C and 6°C than at 0°C (p < 0.05) ( Table 3 ). The 230 extreme temperatures significantly decreased the cellular Chl a quotas of P. subcurvata, as the 231 cellular Chl a quotas of this species were significantly higher at 4°C, 6°C, and 8°C than at 0°C 232 and 10°C (p < 0.05) ( Table 3) . 233
Temperature change significantly affected the cellular P quotas and cellular Chl a quotas 234 of P. antarctica (p < 0.05), but not the cellular C and N quotas (p > 0.05) ( Table 3 ). The cellular 235 P quotas of P. antarctica were significantly higher at 0°C than at 8°C (p < 0.05) (Table 3) , and 236 the Chl a quotas of the prymnesiophyte were significantly lower at 8°C than at 0°C, 2°C, and 237 6°C (p < 0.05) ( Table 3) . 238
Co-incubation at two temperatures 239
A warmer temperature favored the dominance of P.subcurvata over P. antarctica in the 240 model community experiment. Although P. subcurvata increased its abundance relative to the 241 prymnesiophyte at both temperatures by day 6, this increase was larger and happened much
The carbonate system was relatively stable across the range of CO 2 levels during the 245 course of the experiment (Table 1) . CO 2 concentration significantly affected the growth rates of 246 P. subcurvata at both temperatures (Fig. 5) . The growth rates of the diatom at 2°C increased 247 steadily with CO 2 concentration increase from 205 ppm to 425 ppm (p < 0.05), but were 248 saturated at 755 ppm and 1730 ppm (Fig. 5A) . Similarly, the growth rates of P. subcurvata at 249 8°C increased with CO 2 concentration increase from 205 ppm to 260 ppm (p < 0.05), and were 250 saturated at 425 ppm, 755 ppm and 1730 ppm (Fig. 5B) . The growth rates of the diatom at all 251 CO 2 concentrations tested at 8°C were significantly higher than at 2°C (p < 0.05); for instance, 252
the maximum growth rate of P. subcurvata at 8°C was 0.88 d -1 , significantly higher than the 253 value of 0.60 d -1 at 2°C (p < 0.0.5) ( Table 4 ). In addition, the pCO 2 half saturation constant (K m ) 254 of P. subcurvata at 8°C was 10.7 ppm, significantly lower than 66.0 ppm at 2°C (p < 0.0.5) 255 (Table 4) . Thus, temperature and CO 2 concentration increase interactively increased the growth 256 rates of P. subcurvata (p < 0.05). 257 CO 2 concentration also significantly affected the growth rates of P. antarctica 258 at both 2°C and 8°C. The growth rates of the prymnesiophyte at both 2°C and 8°C increased with 259 CO 2 concentration increase from 100 ppm to 260 ppm (p < 0.05), and were saturated at 425 ppm 260 and 755 ppm (Fig. 5C, D) . The growth rates of P. antarctica at 2°C decreased slightly at 1730 261 ppm relative to 425 ppm and 755 ppm (p < 0.05) (Fig. 5C ). The maximum growth rate of P. 262 antarctica at 8°C was 0.43 d -1 , significantly lower than the value of 0.61 d -1 at 2°C (p < 0.05) 263 (Table 4 ). The pCO 2 half saturation constants of P. antarctica at 2°C and 8°C were not 264 significantly different (Table 4) , and thus no interactive effect of temperature and CO 2 was 265 observed on the growth rate of the prymnesiophyte (p > 0.05). 266 3.5 CO 2 effects on elemental composition at two temperatures 267 ppm (p < 0.05) ( Table 5 ). The C: P ratios of P. subcurvata at 8°C were significantly higher than 272 at 2°C at all the CO 2 levels tested (p < 0.05) ( Table 5 ). The C: Si ratios of P. subcurvata at CO 2 273 levels lower than 755 ppm at 8°C were significantly lower than at 2°C (p < 0.05) ( Table 5 ). The 274 higher temperature also significantly increased the C: Chl a ratios of P. subcurvata at all the CO 2 275 levels tested (p < 0.05) (Table 5) . Additionally, the temperature increase and CO 2 concentration 276 increase interactively decreased the C: Chl a ratios of P. subcurvata (p < 0.05) ( Table 5) . 277
The CO 2 concentration increase did not affect the C: N, N: P, and C: P ratios of P. 278 antarctica at either 2°C or 8°C. The carbon to Chl a ratios of P. antarctica were significantly 279 higher at 1730 ppm than at all lower CO 2 concentrations at 2°C. Similarly, at 8°C the carbon to 280
Chl a ratios of this species also were significantly higher at 425 ppm, 755 ppm, and 1730 ppm 281 than at lower CO 2 concentrations (p < 0.05) (Table 5) , and significantly higher at 1730 ppm than 282 at 425 ppm and 755 ppm (p < 0.05) ( Table 5) . 283
The warmer temperature significantly decreased the C: N ratios of P. antarctica at 260 284 ppm and 755 ppm CO 2 (p < 0.05) (Table 5 ), and C: P ratios also decreased at 100 ppm and 205 285 ppm(p < 0.05) ( Table 5 ). The C: Chl a ratios of P. antarctica at CO 2 levels higher than 205 ppm 286 were significantly higher at 8°C relative to 2°C (p < 0.05) ( Table 5 ). Temperature and CO 2 287 concentration increase interactively increased the C: Chl a ratios of P. antarctica (p < 0.05) 288 (Table 5) . 289
The CO 2 concentration increase didn't affect the cellular C, N, P, or Si quotas of P. 290 subcurvata at 2°C, or the C quotas and N quotas at 8°C. The Si quotas of P. subcurvata were 291 significantly lower at 1730 ppm CO 2 than at 100 ppm and 205 ppm at 8°C (p < 0.05) ( Table 6) . 292
The cellular Chl a quotas of P. subcurvata were significantly lower at 8°C relative to 2°C at CO 2 293 higher than 205 ppm (p < 0.05) ( Table 6 ). The temperature increase significantly increased the 294 cellular Si quota of P. subcurvata at all the CO 2 levels tested except 1730 ppm (p < 0.05) (TableThe C, N, and P quotas of P. antarctica were not affected by CO 2 increase at 2°C, and N 298 and P quotas were not affected by CO 2 increase at 8°C, either. However, the C quota of P. 299 antarctica at 1730 ppm CO 2 was significantly higher than CO 2 levels lower than 755 ppm at 8°C 300 (p < 0.05) ( Table 6 ). The Chl a per cell of P. antarctica at 1730 ppm CO 2 was significantly less 301 than at lower CO 2 levels at both 2°C and 8°C (p < 0.05) ( Table 6 ). For P. antarctica, the Chl a 302
per cell values at 100 ppm, 205 ppm, and 755 ppm CO 2 at 8°C were significantly lower relative 303 to 2°C (p < 0.05) ( Table 6 ). Temperature increase and CO 2 concentration increase interactively 304 increased the C and N quotas of P. antarctica (p < 0.05) ( Table 6 ). 305
Discussion 306
As has been documented in previous work, the diatom P. subcurvata and the 307 ). In our study, the Q10 value of P. subcurvata from 0°C to 4°C was 322 3.11, nearly 50% higher than the Q10 value of P. antarctica across the same temperature rangeal. (2016). Our results showed that the maximal thermal limit of P. antarctica was reached at 325 10°C, as was also observed by Buma et al. (1991) , while P. subcurvata did not cease to grow 326 until 14°C. Clearly, P. subcurvata has a superior tolerance to higher temperature compared to P. 327
antarctica. 328
The co-incubation experiment with P. subcurvata and P. antarctica at 0°C and 6°C 329 confirmed that the diatom retained its growth advantage at the higher temperature when growing antarctica were higher than P. subcurvata at 2°C, 6°C and 8°C and C: P ratios of P. antarctica 371 were higher than P. subcurvata at 6°C and 8°C (p < 0.05) (Fig. 2) . Although elemental ratios of 372 the prymnesiophyte were largely unaffected by temperature, a predicted increase of diatom and 373 decrease of P. antarctica contributions to phytoplankton production caused by warming will 374 likely change nutrient export ratios (Smith et al., 2014a, b) . It is possible that N and C export per 375 unit P may decrease with a phytoplankton community shift from P. antarctica dominance toOur results showed that the growth rates of both P. subcurvata and P. antarctica 378 exhibited moderate limitation by CO 2 levels lower than ~425 ppm at both 2°C and 8°C; this 379 observation is significant, since during the intense Ross Sea summertime phytoplankton bloom 380 pCO 2 can sometimes drop to very low levels (Tagliabue and Arrigo, 2016) . However, at CO 2 381 concentrations beyond current atmospheric levels of ~400 ppm, growth rates of P. subcurvata or 382 P. antarctica were CO 2 -saturated. Although a general model prediction suggests that an 383 atmospheric CO 2 increase from current levels to 700 ppm could increase the growth of marine to completely compensate for carbon limitation at low pCO 2 levels. Although speculative, it is 395 possible that P. antarctica could have an ability to subsidize growth at very low CO 2 levels 396 through oxidation of organic carbon from the colony mucilage. Our results also showed that 397 very high CO 2 (1730 ppm) significantly reduced the growth rate of P. antarctica relative to 425 398 ppm and 755 ppm at 2°C; negative effects of high CO 2 on an Antarctic microbial community 399 were also observed by Davidson et al. (2016) . This inhibitory effect might be due to the 400 significantly lower pH at 1730 ppm (~7.4), which could entail expenditures of additional energy 401 to maintain pH homeostasis within cells.growth was much lower at the warmer temperature. In contrast, warming decreased the maximal 405 growth rates of P. antarctica over the range of CO 2 concentrations tested, and failed to change its 406 K 1/2 for growth. The decreased CO 2 K 1/2 of P. subcurvata at high temperature might confer a 407 future additional competitive advantage over P. antarctica in the late growing season when pCO 2 408 can be low (Tagliabue and Arrigo, 2016 ) and temperatures higher, although temperatures are 409 generally never as high as 8°C in the current Ross Sea (Liu and Smith, 2012). The CO 2 K 1/2 of P. 410 antarctica at 2°C was however significantly lower than that of P. subcurvata at this temperature, 411 which may be advantageous to the prymnesiophyte when water temperatures are low in the 412
spring. 413
The effects of pCO 2 variation on the elemental ratios of P. subcurvata and P. antarctica In contrast to C: N: P ratios, we observed that the C: Si ratios of P. subcurvata were 427 significantly higher at 1730 ppm compared to almost all of the lower CO 2 levels. This increase in 428 toxic diatom Pseudo-nitzschia fraudulenta, in which cellular C: Si ratios were higher at 765 ppm 432 than at 200 ppm CO 2 . This suggests that future increases in diatom silicification at elevated 433 pCO 2 could partially or wholly offset the decreased silicification and higher dissolution rates of 434 silica observed at warmer temperatures (above); to fully predict net trends, further interactive 435 experiments focusing on silicification as a function across a range of both temperature and pCO 2 436 are needed. 437
In conclusion, our results indicate that P. subcurvata from the Ross Sea are better adapted 438 to higher temperature than is P. antarctica. Diatoms are a diverse group, but if their general 439 thermal response is similar to that of this Pseudo-nitzschia species, they may thrive under future 440 global warming scenarios while the relative dominance of P. antarctica in this region may wane. 441
In contrast, another recent study has suggested that warming might indirectly favor P. In press, 2017. Table 5 The effects of CO 2 on the C: N, N: P, C: P, C: Si, and C: Chl a ratios of P. subcurvata and P. 
